This paper presents the wavelet order statistics filters for the removal of impulsive and speckle noise in color image applications. The proposed filtering scheme is defined as two filters in the wavelet domain to conform to the structure of a general filter that can be modified in some headings. The first filter is based on redundancy of approaches and the second one is the wavelet domain iterative center weighted median algorithm. With the structure of the proposed filter different implementations for the estimation of the noisy sample are carried out using different order statistics algorithms that by their good performance can be beneficial in color image processing applications.
Introduction
Many different classes of filters have been proposed for removing noise from images [1] [2] [3] . They are classified into several categories depending on specific applications. The order statistics filters are designed to suppress noise of different nature, they can remove impulsive noise and guarantee detail preservation [1] [2] [3] . On the other hand, the filters based in the wavelet domain provide a better performance in terms of noise suppression in comparison with different space domain filters [4, 5] .
In this paper we propose a filter that works in the wavelet domain and uses different order statistics algorithms in its filtering scheme. The proposed filter is composed by two filters that carry out the impulsive noise suppression in the wavelet domain. The first filter based on redundancy of approaches [6] smoothes the low frequencies (LF) of the noisy image by means of a double convolution operation (first of decomposition and after reconstruction) between the wavelet coefficients and the samples of the corrupted image. The second one is the wavelet domain iterative center weighted median filter [7] that provides an analysis of the histograms of the wavelet coefficients of several pairs of images (original and corrupted) through different scales and carries out an improved estimation of the variance field of the noisy wavelet coefficients of the image. With the *Corresponding author: fgallegosf@ipn.mx aid of the estimator of minimum mean square error this second filter finally obtains the filtered wavelet coefficients of the approaches and details of the image.
The structure of the proposed filter is designed so that it can be modified in the sections of the first and second detection of the noisy sample in addition to the estimation algorithm, all contained in the wavelet domain iterative center weighted median filter [7] to increase its robustness and to improve its performance in the task of impulsive noise suppression. We introduce in the proposed filter the algorithms of the SD-ROM, adaptive center weighted median, FIR median hybrid, and median M-type KNN Filters [1, 2, 8, 9] , and adapt them to work in the wavelet domain into the two detection blocks proposed in this paper. Simulation results have demonstrated that the proposed filters can outperform other traditional wavelet color image filters at least for high values of noise contamination by balancing the tradeoff between noise suppression, fine detail preservation, and color retention.
Wavelet Domain Order Statistics Filtering Scheme
The proposed filter constitute two filters: the filter based on redundancy of approaches [6] and the wavelet domain iterative center weighted median filter (ICWMF) [7] as shown in Fig. 1 . For each color component of the noisy image it is necessary to apply all the steps contained in this structure. This technique applies up to 5 scaling levels for the details and only 1 scaling level for the approaches. Other operations are indicated to make clearer the wavelet analysis that it is carried out in this paper. We modify this structure in the block of the ICWMF. For that reason, the expressions used by the ICWMF to calculate the improved estimation of the variance field of the noisy wavelet coefficients will be required to indicate when and where different proposed filtering algorithms will take place to improve the performance of the proposed filter.
The first stage of the ICWMF [7] that detects if a sample contains noise or not is given by: is the weighting function [7] s − 2 The SD-ROM, adaptive center weighted median, and median M-type KNN [1, 8, 9] algorithms were applied to the proposed filter as a first detection block. But the FIR Median Hybrid algorithm [2] was applied as a second detection block because this algorithm only constitutes the part of estimation of the noisy sample value (only if the sample was detected of this way) and the proposed filter can continue operating in all its sections in the same way. For this reason it is necessary to present the expression for the second detection block contained in the proposed filter structure [7] : 
Wavelet domain signal dependent rank-ordered mean filter
Consider a 3x3 filter window size with a central sample ( ) ( ) 
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Wavelet domain adaptive center weighed median filter
The adaptive center weighed median (ACWM) filter uses an adaptive operator which forms estimators based on the differences between the central sample of the filter window and the values from the CWM Filter with variations of its central weight. The ACWM filter is presented as [9] (7) 
Wavelet domain median M-type K-nearest neighbor filter
The algorithm of median M-type KNN (MMKNN) filter can be written as [10] (
where it is a set of samples with weight according to the function The parameter reflects the local data activity and the impulsive presence [10] 
where a controls the detail detection, is the minimum number of nearest neighbors to remove the noise, and is the maximum number of neighbors used for the detection of edges and fine details. The optimal values for these parameters are and
is the impulsive detector defined as [10] { where r is a parameter between 0 to 255.
Wavelet domain FIR median hybrid filter
There exist different types of these filters which offer the possibility of choosing the number of sub-filters, their type, as well as the weights and the type of window. In this case, a FIR median hybrid (FIRMH) filter is defined by means of the use of filter windows shown in Fig. 3 
where z is the measurement in pixels of a side of the used square window in the analysis and m is obtained from
, the Y are simply average filters, and are median filters and is the result of a FIR median hybrid filter. 
Experimental Results
Through simulation we assessed the properties of the proposed filters via the crossed correlation index (CCI), peak signal noise relation (PSNR), mean square error (MSE), mean absolute error (MAE), mean chromaticity error (MCRE), and normalized color difference (NCD) criteria [1] [2] [3] .
In the simulation results that we present here, the color image "Lena" was degraded with 20% of impulsive noise and 0.2 of variance of speckle noise, the wavelet used for the analysis is the dB5 with five levels of decomposition, and a 3x3 filtering window in most of the cases.
The proposed wavelet redundancy of approaches filter (WRAF), wavelet iterative center weighted median using redundancy of approaches filter (WICWMRAF), wavelet signal dependent rank-ordered mean filter (WSDROMF), wavelet adaptive center weighted median filter (WACWMF), wavelet median M-type K-nearest neighbor filter (WMMKNNF), and wavelet FIR median hybrid filter (WFIRMHF) were compared with the wavelet iterative median filter (WIMF) [7] and wavelet iterative center weighted median filter (WICWMF) [7] in terms of CCI, PSNR, MSE, MAE, MCRE and NCD to demonstrate the good quality of color imaging of the proposed filters in both objective and subjective senses.
Impulsive noise suppression
In the sense of impulsive noise suppression, we present in Table 1 , the performance results obtained by use of the WMMKNNF in the case of different decomposition levels (1, … , 5) in the image "Lena" degraded with 20% of impulsive noise to demonstrate how to improve the performance results by the use of five decomposition levels into the proposed filters. Fig. 4 presents the visual results to apply the WMMKNNF with 5 decomposition levels in the restored zoom part of the image "Mandrill" degraded with 20% of impulsive noise. From this figure we observe that the restored image appears to have a good subjective quality. Table 2 shows the performance results using the same image by means of use of different filters. From the results presented in this table we observe that the proposed filters provide the best results in the objective criteria in comparison with the traditional filters in the wavelet domain. Table 3 presents the performance results by means of use different filters in the image "Lena" degraded with 0.2 of variance of speckle noise. Fig. 5 shows the subjective visual quantities of a restored zoom part of the color image "Lena". From these results we observe that the proposed filters provide better speckle noise suppression, detail preservation, and color retention in comparison with the reference filters. 
Speckle noise suppression

Mixture of impulsive and speckle noise suppression
We also applied the proposed filters to suppress mixtures of impulsive and speckle noise. Table 4 depicts the performance results in the image "Lena" degraded with 20% of impulsive noise mixed with 0.2 of variance of speckle noise by use of different filters. In Fig. 6 we present the subjective results to apply different filters in a zoom part of image "Lena". We observe that from the results obtained in Table 4 and Fig. 6 , the proposed filters show a better performance in comparison with the filters used for comparison. 
Conclusions
We present different implementations of order statistics filters in wavelet domain. The proposed filters constitute a good tool to deal with impulsive and speckle noise filtering in color image applications. It is obviously true that the use of different order statistics filters into the two proposed blocks detection in the wavelet domain can increase the processing time.
